By employing sanguinarine, a natural active quaternary isoquinoline alkaloid, as a model molecule, a series of structurally simple quaternary 2-aryl-3,4-dihydroisoquinolin-2-ium compounds were designed and synthesized and evaluated for in vitro acaricidal activity against P. cuniculi. A new approach towards the title compounds was developed with isochroman as starting material. The results showed that 22 of 24 tested compounds displayed the activity in varying degrees at 0.4 mg/mL. Fourteen compounds were significantly more effective than ivermectin, a standard acaricide, and 6-methoxy dihydrosanguinarine, a derivative of sanguinarine (p<0.05). And their comprehensive relative activity was 1.4 to 16.5 times than that of ivermectin and 1.5 to 18.8 times than that of 6-methoxy dihydrosanguinarine. The structure-activity relationship indicated that the introduction of a substituent to N-benzene ring, especially halogen atom and trifluoromethyl group, led to great improvement of the activity. The position of fluorine atom, methyl group and hydroxyl group made very significant effects on the activity. It was concluded that 2-aryl-3,4-dihydroisoquinolin-2-iums are very promising candidates for the development of new isoquinoline acaricidal agents.
Acariasis is a chronic skin disease caused by mites, an ectoparasite, and widely occurs in animals and human. Psoroptes cuniculi is one of animal mites and mainly infects rabbits, goats, horses and sheep.
1) It causes intense pruritus of animals with the formation of crusts and scabs and reduction of weight gain, or even death of animals. 2, 3) Therefore, this mite species causes serious economic losses for animal industry.
Therapy and control of both human scabies and animal mange are based mainly on the use of effective drugs and chemicals. At present, the use of drugs to control these parasitic arthropods presents several problems including drugresistance 4, 5) and environmental damage. 6, 7) Ivermectin ( Fig.  1) , a clinically used acaricide, is increasingly being used to treat human scabies but often treatment failures, recrudescence and reinfection can occur. 8) Concern over toxicity of many acaricides limits their use and reduces the number of safe effective products available. These problems have led to research efforts to discover new effective and safe acaricides from active natural products.
Sanguinarine is a natural quaternary benzo[c] phenanthridine alkaloid (QBAs) (Fig. 1 ), which is a relatively small subclass of isoquinoline alkaloids and mainly presents in the families of the Fumariaceae, Papaveraceae and Rutaceae families. 9) In the past decades, QBAs have given rise to a lot of attention because of their biological activities including antitumor, 10) antimicrobial, 11, 12) anti-inflammatory, 13) anti-human immunodeficiency virus (HIV), 14) anti-angiogenesis 15) and anti-acetylcholinesterase, 16) and antiparasitic actions against Trichodina sp., 17) Dactylogyrus intermedius 18) and malaria. 19) Our recent research found that 6-alkoxy dihydrosanguinarines ( Fig. 1 ) possessed significant in vitro acaricidal activity against P. cuniculi, comparable with the commercial acaricide ivermectin. 20) In addition, 6-alkoxy dihydrosanguinarines were proven to be most likely prodrugs of sanguinarine, the real active component, and the iminium moiety (C= N + ) in sanguinarine might well be a determinant factor for its acaricidal property. The results above suggested that QBAs were considered as promising candidates or lead compounds or model compounds for the development of new isoquinoline acaricidal agents. The purpose of this study is to design and synthesize a series of C= N + -containing simple quaternary isoquinolin-2-ium compounds (Fig. 1, 5a-x) by employing sanguinarine as a model molecule, and examine their acaricidal activity against P. cuniculi as well as understand their structure-activity relationship. Furthermore, we also expect that the present research can lead to the discovery of new acaricidal compounds.
Results and Discussion
Chemistry The chemical synthesis of these compounds was outlined in Chart 1. As a key intermediate, compound 1 was synthesized by the reaction of isochroman with 57% hydroiodic acid under refluxing in 96% yield. Compound 1 reacted with various mono-substituted anilines (2a-x) in water solution by using sodium dodecyl sulfonate (SDS) as phase-transfer catalyst to afford intermediates 2-aryl-1,2,3,4-tetrahydroisoquinolines 3a-x in 86-94% yield. The oxidation of 3a-x with CuCl 2 ·2H 2 O in methanol quantitatively provided the corresponding intermediates 2-aryl-1-methoxy-1,2,3,4-tetrahydroisoquinolines 4a-x. The solution of 4a-x in 1,4-dioxane was treated with hydrobromic acid to provide the target compounds 2-aryl-1,2-dihydroisoquinolin-2-ium bromides 5a-x as solids in good yield (40-99%).
In the literature, a few methodologies have been developed to construct the 2-R-3,4-dihydroisoquinolin-2-iums. [21] [22] [23] [24] [25] Among them, the condensation of 2-(2-bromoethyl) benzaldehyde with primary amine was the most commonly used synthetic strategy. But we found that the method above was not easy to provide high purity products which are necessary for their bioactivity evaluation. In addition, its key intermediate 2-(2-bromoethyl) benzaldehyde was not stable at room temperature and the operation procedure was not very convenient. On the contrary, compound 1 was solid, stable and easy preparation in excellent yield as well as easy purification. Compared with the literature method, the present method has some obvious advantages such as higher yields, simple workup operation and easily obtaining high purity products.
The structures of all the target compounds were elucidated by spectroscopic analyses. Each of the compounds showed a characteristic ion peak at m/z [ C-NMR spectra, all the compounds 5a-x revealed singlet signals in a range of δ 9.35 to 10.27 ppm due to the HC= N + proton (i.e. H-1) and one signal in a range of δ 157 to 173 ppm due to C-1.
Acaricidal Activity in Vitro and Structure-Activity Relationship In vitro acaricidal activity of target compounds 5a-x was performed according to our previous method 20) with some modification. Ivermectin as a standard acaricide and 6-methoxy dihydrosanguinarine (MSA) as the prodrug of the model compound sanguinarine were used as the positive drug control. The acaricidal activity and substitution patterns of 5a-x are displayed in Fig. 2 .
The results in Fig. 2 showed that except for 5a and 5s without activity all the target compounds displayed activity against P. cuniculi in varying degrees. Among all 24 tested compounds, fourteen compounds (5b, 5e-o, 5t, 5v) with the mortality of 76.7 to 100% showed significantly stronger activity than ivermectin with the mortality of 68.3% and MSA with the mortality of 51.7% (p<0.05). Compound 5f, 5h and 5m gave the best activity with the mortality of 98.3 to 100% (p>0.05). Eight tested compounds, 5c, 5d, 5p-r, 5u, 5w and 5x exhibited lower activity with the mortality of 11.7% to 45.0% than ivermectin. Comparison of the activity of 5a (R= H) with that of 5b-x showed that the characteristics and position of the substituent located on N-benzene ring made significant effects on the acaricidal activity. Generally, the introduction of the substituent to N-aromatic ring led to improvement of activity in varying degrees. The general trend was that chlorine atom (5e-g), bromine atom (5h, 5i), iodine atom (5j-l) and trifluoromethyl group (5m-o) brought about the best improvement of activity. Nitro group (5p-r) caused a moderate enhancement effect on activity. For methyl group, fluorine atom and hydroxyl group, the significant position effects were observed. Among three fluorinated compounds (5b-d), 2′-fluorinated compound (5b) was significantly more effective than 3′-F and 4′-F isomers (5c, 5d) (p<0.05), but there was no significant difference between 3′-F (5c) and 4′-F isomers (5d). A similar trend was also observed for hydroxyl compounds (5v, 5w). Unlike the position effect of fluorine atom, 3′-Me isomer (5t) showed the strongest activity, followed by 4′-Me isomer (5u), while 2′-Me (5s) did not make improvement effect of activity.
Acaricidal Toxicity To have a thorough understanding of the acaricidal activity of the target compounds, the higher active compound 5b, 5e-o, 5t and 5v were subjected to acaricidal toxicity assay. Meanwhile, ivermectin and MSA were used as standard drug control and model compound control, respectively. The results were listed in Table 1 .
The acaricidal activity of all the tested compounds showed the significant concentration dependence (R 2
≥0.9068, p<0.05).
Except for 5e and 5g, all the tested compounds showed smaller 50% lethal concentrations (LC 50 ) (17.9-126.7 mg/L) than ivermectin (LC 50 170.8 mg/L) and MSA (LC 50 335.9 mg/L), indicating these compounds were more effective than ivermectin and MSA. Unlike the other target compounds, the LC 50 values of 5e and 5g (172.6, 179.0 mg/L) were larger than that of ivermectin but smaller than that of MSA. Among the compounds, 5l showed the smallest LC 50 value (17.9 mg/L) and the strongest activity. In addition, the relative activity among the compounds can also be more clearly seen from the ratio of the LC 50 value (LC 50i ) of ivermectin to that (LC 50c ) of each the target compound.
Concentration effect (CE) of a compound on its activity is 
mg/mL
The difference between the data of two compounds with the different lowercase letter is significant (p<0.05); IV: ivermectin. the same below; MSA: 6-methoxy dihydrosanguinarine. The same below; Con: control. an important factor for evaluation of its activity. The CE of the tested compound on its acaricidal activity can be reflected by slope ratio value (k) in activity regression equation in Table  1 , and the ratio of the k value (k c ) of each the target compound to that (k i ) of ivermectin reflects their relative CE. The data in Table 1 showed that various compounds had different k values, indicating that various compounds had different CEs on their bioactivity against P. cuniculi. Compared with ivermectin, except for 5b, 5k and 5l (k c /k i <1.0), all the target compounds possessed more than 1.0 of k c /k i values, indicating that they had stronger CEs on acaricidal activity than ivermectin. However, when compared with MSA (k c /k i =1.73), only 6 of 14 the tested compounds gave more than 1.73 of k c /k i values.
In order to comprehensively compare the activity of the different compounds, the value of (LC 50i /LC 50c ×k c /k i ) of each the compound, named as comprehensive relative activity (CRA), was calculated and shown in Fig. 3 . The results showed that the CRA values (1.4 to 16.5) of all the tested compounds were bigger than that of ivermectin (CRA= 1.0) and MSA (CRA= 0.9), indicating that all the tested compounds possessed stronger CRA than ivermectin and MSA. This conclusion was in agreement with that obtained data from Table 1 . Among them, 5h had the strongest CRA (16.5), which was attributed to its bigger LC 50i /LC 50c value and bigger k c /k i value.
As mentioned in the introduction, our previous research had proven that 6-alkoxy dihydrosanguinarines were prodrugs of sanguinarine and the acaricidal activity of the former was far stronger than the latter, likely due to the former's higher lipophilicity and higher compatibility with physiological conditions. On these grounds, we speculated that the 1-alkoxy dihydro derivatives of 5a-x may have higher activity than 5a-x. At present, the work on this aspect is under way in our lab.
In conclusion, a new synthetic approach towards 2-aryl-3,4-dihydroisoquinolin-2-ium compounds from commercially available isochroman was developed and used to prepare the target compounds 5a-x. These reactions are simple and easily carried under normal reaction conditions. The present system has the advantages of higher yields, simple work-up operation and easily obtaining high purity products.
All the target compounds 5a-x were evaluated for their in vitro acaricidal activity against P. cuniculi. Except 5a and 5s, all the target compounds showed the activity on different levels and 14 compounds (5b, 5e-o, 5t and 5v) showed the higher activity than a standard drug ivermectin and their natural model compound MSA. The significant effect of the characteristics and position of the substituent located on Nbenzene ring on the activity was observed. The introduction of a substituent especially halogen atom and trifluoromethyl group to N-benzene ring led to improvement of the activity and the position of fluorine atom, methyl group and hydroxyl group made very significant effects on the bioactivity. The results suggested that 2-aryl-3,4-dihydroisoquinolin-2-ium compounds are very promising candidates for the development of new isoquinoline acaricidal agents.
Experimental
Materials Ivermectin (≥91% 22,23-dihydroavermectin B 1 consisting of 95% avermectin B 1a and 5% avermectin B 1b ) was purchased from Sigma-Aldrich Trading Co., Ltd., Shanghai, China. MSA was prepared from sanguinarine by our previously reported method. 12, 20) Other chemicals were purchased from J&K Chemical Ltd. (China) and used without purification.
Apparatus Melting points were determined on XT-4 micro-melting point apparatus and uncorrected. IR spectra were taken on a Nexus FT-IR 400 spectrometer with KBr pellets. UV Spectra were performed on a SP-2100 UV/VIS spectrometer. 1 H-and 13 C-NMR spectra were recorded with Bruker AVANCE III operating at 500 and 125 MHz, respectively and using TMS as internal standard. ESI-MS was measured on Trace mass spectrometer (Thermo Finnigan Co.). Column chromatography was performed on silica gel 60 G (Qingdao Haiyang Chemical, China).
Synthesis of 1 The mixture of isochroman (13.4 g, 0.10 mol) and 57% HI aqueous solution (52.8 mL, 89.8 g, 0.40 mol) were refluxed in dark place for 1 h. The reaction solution was diluted with 50 mL water, and extracted with diethyl ether. The combined ether solution was washed with water and then saturated sodium sulfite solution, and dried over anhydrous sodium sulfate. The solvent was removed under a reduced pressure to provide 1 (35.7 g).
1-(2-Iodoethyl)-2-(iodomethyl) benzene (1): White needle crystals in 96% yield, mp 60-62°C; Rf=0.64 (petroleum 
Synthesis of 5a-x. General Procedure
The solution of 1 (3.72 g, 10 mmol), aniline or substituted aniline (2a-x) (10 mmol), sodium hydrogen carbonate (1.68 g, 20 mmol) and SDS (ca. 20 mg) in 40 mL of water was stirred under refluxing for 2-3 h. The reaction solution was cooled to room temperature and extracted with ethyl acetate. The combined ethyl acetate solution was washed with water and dried over anhydrous sodium sulfate. Evaporation of the solvent under reduced pressure furnished crude products 3a-x as a white or pale yellow solid. The crude products 3a-x was dissolved in 20 mL methanol, and then 2.0 mmol of CuCl 2 ·2H 2 O was added. The resulting solution was refluxed for 10 h under an oxygen atmosphere, and then passed through a pad of celite and washed with ca. 40 mL of methanol. The combined filtrates were evaporated to dryness to afford 2-aryl-1-methoxy-1,2,3,4-tetrahydroisoquinolines 4a-x as an oily residue. Compounds 4a-x were dissolved in ca. 20 mL 1,4-dioxane and dropwise added ca. 2 mL (ca. 14 mmol) of 47% HBr aqueous solution to give the desired products 5a-x as solids.
2-Phenyl-3,4-dihydroisoquinolin-2-ium Bromide (5a): White solid in 89% yield calculated from 1 (the same below), mp 106-108°C; UV λ max (log ε) (MeOH, pH 1. 1 (d, J=26.5 Hz), 43.2 (C-3), 16.9 (C-4) 2-(3-Methylphenyl)-3,4-dihydroisoquinolin-2-ium Bromide
